ABSTRACT: Metallothioneins (MTs) are small essential proteins involved in cellular processes of metal handling and detoxification. Here, we describe the structure of 2 MT genes in a marine mollusc, the European flat oyster Ostrea edulis. The sequences of these 2 genes code for 2 proteins of 74 and 71 amino acids, respectively, with the 71 amino acid protein having an abnormal lack of cysteine residues. The direct quantification of metal ions bound to purified recombinant proteins demonstrated that the metal-binding capacity of the 2 proteins differs by about 20%. An enzyme-linked immunosorbent assay (ELISA) test, used to quantify MT protein expression in O. edulis exposed to metal under laboratory conditions, showed no significant induction of MTs, either in the gills or the digestive gland despite an increase in metal concentration observed in the same tissues. Similar results were observed with an MT-RNA expression study. These results seem to indicate a low involvement of MTs in metal detoxification in O. edulis. Examination of polymorphism in the coding sequence of OeMT (O. edulis metallothionein) genes by single-strand conformation polymorphism (SSCP) revealed a lack of genetic diversity in field populations.
INTRODUCTION
Oysters and mussels are widespread throughout the world and represent a key element in the ecology and economy of coastal ecosystems. In previous studies we used the Pacific oyster Crassostrea gigas as a biological tool to monitor the heavy metal contamination in coastal ecosystems, and we developed an antibody against metallothioneins and genetic markers on MT genes . In the present study, we chose the flat oyster Ostrea edulis to investigate the possibility of using MT genes in this species as a metal contamination indicator. Metallothioneins (MTs) are low molecular weight (6 to 7 kDa) cytoplasmic metal-binding proteins involved in cellular essential metal (copper, zinc) ion regulation and heavy metal (cadmium, mercury) detoxification (Kojima & Kägi 1978) . MTs are also involved in different metabolic processes including the protection of cells against intracellular oxidative damage or free radical scavengers (Karin 1985 , Hamer 1986 . A large number of MT isoforms have been isolated from vertebrates and invertebrates, apparently originating from events of gene duplication that may have occurred many times independently (Griffith et al. 1983 , Hunziker et al. 1995 . Although a multiplicity of mammal-ian MTs has been described, including 14 in humans (Gedamu et al. 1987 ) and 9 in sheep (Peterson et al. 1988) , only 1 or 2 distinct MTs have been isolated in lower vertebrates (Kägi 1993) . In invertebrates, the number of MT variants identified depends on the species: 9 MT isoforms have been characterised in the blue mussel Mytilus edulis (Barsyte et al. 1999) , 7 in the sea urchin Strongylocentrotus purpuratus (Nemer et al. 1984 , Wilkinson & Nemer 1987 , 1 each in the tropical green mussel Perna viridis (Khoo & Patel 1999) and the eastern oyster C. virginica (Unger et al. 1991) , and 2 in the Pacific oyster C. gigas .
Classically, MT genes are characterised by a structure of 3 coding exons, but some additional non-coding exons have been observed in either the 3' or 5' region in invertebrates such as Strongylocentrotus purpuratus (Nemer et al. 1991) or Crassostrea gigas , respectively. These 3 exons code for 2 domains: an α-domain that commonly contains 11 cysteine residues and binds 4 bivalent ions, and a β-domain that contains 9 cysteine residues and binds 3 bivalent ions (Boulanger et al. 1983 , Furey et al. 1986 .
Several studies carried out on marine invertebrates have characterised MT cDNAs, but few genes have been isolated from molluscs despite their use in monitoring of environmental perturbations. In the European flat oyster Ostrea edulis, only 1 study, based on analysis of proteins, demonstrated the existence of 2 major MT isoforms (Alonso & Martin-Mateo 1996) . In this paper, we characterise the structure of 2 MT genes in Ostrea edulis that present some common features with others MT genes; however 1 possesses a lower number of cysteine residues than expected, leading to a decrease in its metal-binding capacity. We also investigated the expression of O. edulis MT genes in metal contamination experiments using a polyclonal antibody for protein quantification and polymerase chain reaction (PCR) for RNA, and we compare the results to those obtained for other species. A preliminary study of polymorphism using single-strand conformation polymorphism (SSCP) analysis was also conducted on the coding sequence of the OeMT genes to potentially characterize new genetic markers in relation to heavy metal tolerance in this species.
MATERIALS AND METHODS
cDNA sequencing. Total RNA was extracted from gills of adult Ostrea edulis exposed to 1 ppm of cadmium according to the guanidium isothiocyanate method (Strohman et al. 1977) . cDNA was prepared using a PCR primer corresponding to the first conserved amino acids of the MT peptide sequences from Crassostrea gigas . First-strand synthesis was performed using an anchored oligo-dT primer and Moloney murine leukemia virus M-MLV reverse transcriptase. Primer sense ATG TCT GAT CCA TGT AAC TG and antisense CGC TCT AGA ACT AGT GGA TC were used for subsequent PCR amplification. Polymerase chain reactions were performed using buffer, 2 mM magnesium ions, Taq polymerase (Promega, 1 U), primers (15 pM each), reverse transcription products (200 ng), dNTPs (desoxynucleotide Triphosphate) (2.5 mM of each) and water. All reactions were performed in a 50 µl final volume. The thermal cycling program used to amplify the MT fragments began with an initial 5 min denaturation at 94°C followed by 2 min annealing at 53°C and 40 s elongation at 72°C. Then 35 amplification cycles were performed as follows: 94°C for 30 s, 53°C for 40 s and 72°C for 40 s followed by a final 10 min at 72°C. We isolated and sequenced 2 products of about 300 bp (designated OeMTA) and 380 bp (designated OeMTB). The procedure for the generation of the 5' untranslated region of cDNA was carried out according to the following protocol: first-strand synthesis was performed using an anchored oligo-dT primer and M-MLV reverse transcriptase. The product was purified on a column (Microcon-QIAGEN). An oligo-dA tail was then generated on the 5' end of the product by the following protocol: 5 µl of terminal transferase buffer and 1 µl of 10 mM dATP were added to 18 µl of purified product. After 5' at 95°C, 1 µl (100 U) of terminal transferase was added to the mix and placed at 37°C for 30 min and then at 70°C for 10 min. Amplification of the specific 5' untranslated region (UTR) of mRNA was performed using the PCR anchor primer sense CGC TCT AGA ACT AGT GGA TCT (T) 10 and primer antisense TTT GCA GCT ACA TCC CGA ATC for OeMTA and TTT GCA GGT ACA CCC CGC AGC ACA for OeMTB, designed according to the previous sequence.
Cloning of cDNA and identification of related genes. Complete MT-cDNAs were subsequently amplified using specific primers designed in the untranslated regions. The 2 genomic sequences of Ostrea edulis MT genes were obtained by PCR amplification of isolated DNA using the primer sense CTT TTT TTT CTT CTT TGT ATT CAT TAT TC and primer antisense GAC TAA GAA TGT GCG TTA TTC TT, respectively, for OeMTA, and primer sense CTT TTT TTT TCT TTA TTT ACT TTT CAA CAC and antisense TCA TAA ACA GAA ACA CGG AAT GT, respectively, for OeMTB. Subsequently, the PCR products of cDNAs and genomic DNA were inserted into the pGEM-T vector (Promega, Madison). The inserts were sequenced by extension from both ends using T7 and Sp6 universal primers, and internal sense and antisense primers for genomic inserts (T7 Sequencing Kit, Amersham Pharmacia Biotech).
Southern blots. DNA of Ostrea edulis was extracted from the gills of 1 freshly opened oyster, and 10 µg of DNA were digested to completion with 20 U of various restriction enzymes (EcoRI, Hind III and HaeIII) and separated by agarose gel electrophoresis (1% Tris acetate EDTA gel). The fragments were then transferred to nylon membranes, Hybond N+ (Amersham Pharmacia Biotech). Hybridisations were carried out with a randomly-primed OeMTA-cDNA probe radiolabeled with [α- 32 P]dCTP using standard procedures (megaprime DNA labeling, Pharmacia). The MT probe was a 430 bp cDNA (Apa I-Pst I fragment of pGEM containing OeMTA-cDNA) encompassing the total coding sequence. Southern blot hybridisation was performed at 65°C followed by 2 washes at room temperature in 2 × SSC, followed by 2 washes in 2 × SSC with 0.1% sodium dodecyl sulfate at 65°C, and a final wash in 0.1 × SSC.
Sequence analysis. Sequence analysis and multiple alignments were performed using the FASTA program (Pearson & Lipman 1988) .
Experimental design. European flat oysters Ostrea edulis (2 yr old, 6 to 8 cm in length) were purchased from an oyster farm at Mont Saint-Michel Bay (France) and maintained in aerated filtered seawater before experimentation. Groups of 30 oysters were then exposed to 2 metal elements, 1 essential (copper as CuCl 2 ) and 1 toxic (cadmium as CdCl 2 ), at individual concentrations of 0.4 µM, and in a mixture of 0.2 µM each, for 36 d. A group of 30 oysters was maintained in seawater without added metal as a control. The seawater was changed every 2 d and oysters were fed with microalgae every 2 d. Groups of 3 oysters were collected 0, 6, 12, 21, 28 and 36 d after contamination for both RNA and protein samples.
DNA was extracted from the gills of 2 natural populations of Ostrea edulis collected from 2 sites that presented different physicochemical characteristics, especially in regard to their metal concentration: Thau (Mediterranean coast, France, n = 50, Hg = 0.4 µg g Expression study. Reverse transcription and PCR using specific primers from the 5' and 3' untranslated region of the MT variants were performed on 0.1 µg of total RNA extracted from the gills and digestive gland sampled from oysters (see foregoing subsection). RNA extractions were performed according to the protocol described above.
Primers used for polymerase chain reactions were the primer sense ATG TCT GAT CCT GTA CTT GCA AG and antisense TTT GCA GCT ACA TCC CGA ATC AG for OeMTA and primer sense ATG TCT GAT CCA TGT AAC TGC AAA and antisense TTT GCA GGT ACA CCC CGC AGC ACA for OeMTB. All reactions were performed in a 25 µl volume. The thermal cycling program used to amplify the metallothionein fragments was an initial 5 min denaturation at 94°C, 2 min at 53°C, and 40 s at 72°C; 35 to 45 amplification cycles were performed as follows: 94°C = 30 s; 53°C = 40 s, and 72°C = 30 s, followed by a final step of 10 min at 72°C. PCR products were visualized on Tris-borate-EDTA/1% agarose gel with ethidium bromide under UV.
PCR-SSCP analysis. PCR was performed on both Exon 2 and 3 of OeMTA and oeMTB, but not on Exon 1 because of the small size of this exon in both genes. xylene cyanol) were then added to the PCR products, heated for 5 min at 97°C, and rapidly chilled on ice to melt and retain single-strand DNA. After loading on a neutral 12% polyacrylamide gel (37.5:1, acrylamide: bisacrylamide), the samples were electrophoresed at constant voltage (120 V) in 0.6 × TBE buffer (50 mM Tris, 40 mM boric acid, 0.5 mM diNaEDTA, pH 5.5) for 20 h at 4°C. After electrophoresis, the gels were stained by ethidium bromide and visualised by UV. Protein extraction. On Days 0, 6, 12, 21, 28 and 36 of the experiment, the gills and digestive gland from exposed and control oysters (n = 3 for each sample) were collected and homogenised in protein extraction buffer according to the protocol described by Tenden-gren et al. (1999) : 150 mM NaCl, 10 mM NaH 2 PO 4 , 1 mM phenylmethanesulfonyl fluoride, pH = 7.2). The samples were then centrifuged at 11 000 g for 10 min at 4°C, and the supernatant fractions containing proteins were collected in fresh tubes. Total protein was quantified using the D c Protein Assay Kit (BioRad) with bovine serum albumin (Sigma) as the standard. Optical density (OD) was measured at 620 nm with a microplate reader.
Metal analysis. Pools of gills (100 mg) excised from 3 oysters on Days 0, 6, 12, 21, 28 and 36 of the experiment were mineralised with suprapure nitric acid. Concentrations of copper and cadmium were measured by a potentiometric stripping method (Riso et al. 1997 ) previously validated on tissues (Chausson et al. 2001) .
OeMTA and OeMTB recombinant proteins (see subsection 'Recombinant DNA manipulations') were purified using TALON metal affinity resin (Clontech Laboratories) according to the manufacturer's instructions, and were then mineralised with superpure nitric acid. Concentrations of copper were measured in each protein sample by the potentiometric stripping method.
Recombinant DNA manipulations. The metallothionein OeMTA and OeMTB cDNAs cloned in pGEM-T vector (Promega) were amplified from the ATG start codon to the last AAA codon to incorporate the recognition sequence for EcoRI using the common primer sense CCC GAA TTC ATG TCT GAT CCA TGT AA, and the specific primers antisense GGG GGA ATT CTT TGC AGC TAC ATC CCG for OeMTA and GGG GGA ATT CTT TGC AGG TAC ACC CCG C for OeMTB. Reaction mixtures included 20 pmol of each primer, 20 ng of each cDNA template, 100 µM dNTPs, 2 mM MgCl 2 1 × Taq polymerase buffer 1 U of Taq polymerase in 50 µl total volume. The mixture was preincubated for 5 min at 94°C followed by amplification for 35 cycles: 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s. The PCR product was gel-purified using the GeneClean III kit (Bio 101) and digested with EcoRI. The pET20B plasmid was then restricted with EcoRI, gel-purified, and the ends dephosphorylated. The cDNA was ligated with the plasmid and the resulting product was used to transform competent Escherichia coli DH5α using the protocol previously described by Hanahan (1983) . The transformation mixture was plated on LB agar containing ampicillin at 100 µg ml -1 , and 6 colonies were screened by EcoRI restriction digestion of alkaline lysis plasmid minipreparations. We then used 1 positive clone of each OeMTA and OeMTB to transform the protease-deficient competent E. coli strain BL21(DE3)pLys (Promega) according to the manufacturer's instructions. BL21(DE3) containing OeMTA and OeMTB cDNA were cultured in LB medium containing 100 µg ml -1 ampicillin at 37°C. Protein expression was induced at OD 600 = 1 with the addition of isopropyl β-D-thiogalactoside to 2 mM. Copper was then added to the culture at a final concentration of 0.5 mM. ELISA. Microtiter plates were coated with 20 µg well -1 of total proteins extracted from the gills and digestive gland of experimentally exposed oysters. MT concentrations were quantified by ELISA developed on the Pacific oyster Crassostrea gigas using rabbit anti-CgMT1 IgG and recombinant CgMT1 as standard . The cross-reactivity of the rabbit anti-CgMT1 IgG and recombinant OeMTA and OeMTB was tested before application to tissue samples. The standard curve used in our experiment originated from OeMT recombinant proteins and was similar to those obtained with CgMT recombinant protein.
Nucleotide sequence accession numbers. The sequency of OeMTs genes reported in this study will appear in the DDJB/EMBLGENBANK data base under accession numbers AJ 306365 and AJ 306366.
Statistical analysis. The rates of metal and MT accumulation during the experiment were analysed by analysis of covariance (ANCOVA, α = 0.05) and a χ 2 -test (α = 0.05) using CSS Statistica Statsoft Software.
RESULTS

MT-cDNA isolation
We isolated 2 cDNA using Primers P1 and P2. These products correspond to partial cDNA fragments of 300 and 380 bp, respectively, and their sequencing revealed that they contained characteristic Cys-X-Cys motifs. The 2 MT variants designated OeMTA and OeMTB contained an open reading frame (ORF) of 225 and 216 bp, respectively, and included a 5' UTR of 93 and 83 bp and a 3'UTR of 88 and 160 bp, respectively. The 2 MT variants differed in the number of amino acid residues: 74 for OeMTA and 71 for OeMTB and in the length of their 3' and 5' UTR sequence, the OeMTA sequence differing from OeMTB by deletions in the 3'UTR.
Organisation of OeMT genes
The Ostrea edulis MT genes corresponding to the 2 MT-cDNA fragments were also isolated using primers from 5'UTR and 3'UTR and sequenced ( Figs The MT peptide sequence deduced from the nucleotide sequence shows differences between OeMTA and OeMTB. The OeMTA sequence contains 74 amino acid residues including 21 Cys residues, organized in 9 Cys-X-Cys, 1 Cys-X-X-Cys and 6 Cys-X-X-X-Cys amino acid motifs. The OeMTB sequence contains 71 amino acid residues including 18 Cys residues, organized in 7 Cys-X-Cys, 1 Cys-X-X-Cys and 4 Cys-X-X-X-Cys amino acid motifs. The amino acid sequences of OeMTs were compared to other known sequences from molluscs using the ALIGN program (Myers & Miller 1988) . Crassostrea gigas and C. virginica showed the highest percentage of identity, with 67.5 and 54% amino acid identity for OeMTA and OeMTB, respectively, Mytilus edulis displayed 91 Fig. 1 . Ostrea edulis. Nucleotide sequence of MTA gene; 5' and 3' untranslated regions and exons in bold characters; predicted amino acid sequence indicated above corresponding bases. Oligonucleotides used for PCR-amplification are indicated by arrows 58.7% for OeMTA and 45.8% for OeMTB. The percentage identity observed reflects phylogenetic distances between these molluscs, and the alignment shows a relatively conserved arrangement of the Cys motifs. The 2 OeMT sequences, as is true in other molluscs, are characterised by both a lack of CysCys motifs and the presence of a conserved pattern Cys-XCys-X-X-X-Cys-Thr-Gly-X-X-X-Cys-X-Cys-X(n)-Cys-X-Cys-Lys, except for OeMTB where the typical motif Thr-Gly-X-X-X-is replaced by Ile-Arg-X-X-X- (Figs. 1 & 2) .
Southern blot analysis of Ostrea edulis DNA extracted from 2 oysters, digested with various restriction enzymes (EcoRI, Hind III and HaeIII) and probed with OeMTA-cDNA, revealed several patterns for the fragments (Fig. 3) . The absence of EcoRI, Hind III and HaeIII sites from the OeMTA gene sequence and the presence of 1 EcoRI site in the OeMTB sequence associated with the presence of 2 to 3 bands in the Southern blot, showed that at least 2 MT genes are present in the genome. Southern blots also demonstrated the existence of a restriction fragment length polymorphism (RFLP) in individuals for the 3 enzymes studied.
Properties of OeMTA and OeMTB proteins
The direct quantification of metal-ions bound to OeMTA and OeMTB performed on the 2 purified recombinant proteins using the potentiometric stripping method showed that OeMTA and OeMTB were able to bind about 3.03 and 2.42 mol of copper mol -1 of protein, respectively. These results indicate that OeMTA has a higher metal-ion binding capacity than OeMTB.
Metal analysis and quantification of metallothioneins in Ostrea edulis by ELISA
Copper and cadmium concentration in gills of oysters experimentally exposed to Cu 2+ and Cd 2+ showed a significant time-dependent increase (compared with controls) during the 36 d of the experiment. Copper concentrations in the gills of oysters exposed to 0.4 µM of Cu 2+ increased from 0.17 to 0.86.10 -6 M g -1 wet tissue wt (R 2 = 0.812) (Fig. 4A) . Contamination with 0.4 µM Cd 2+ (Fig. 4B ) resulted in an increase of Cd con- (Fig. 4C,D) .
Application of an ELISA test to protein samples extracted from gills and digestive glands of exposed and control oysters showed that MT levels did not vary significantly during the experiment, regardless of treatment (Fig. 5A,B) . However, for all treatments, the mean MT level was greater in the digestive gland than in the gills. The antibody developed with recombinant Crassostrea gigas MT1 was first tested with recombinant OeMTA and OeMTB and showed a positive cross-reactivity with these 2 proteins.
Comparison of OD values for identical CgMT and
OeMT concentrations showed no differences in the ELISA.
Expression and polymorphism of OeMT genes
RT-PCR was applied to both MTA and MTB genes to samples exposed to metal (Cu 2+ and Cd
2+
) and to controls. No clear differences in expression of these 2 genes was observed as a function of exposure time. Both tissues (gills and digestive gland) express MTA and MTB genes, but MTA seems more expressed than The PCR-SSCP performed on the second and the third coding exon of the OeMTA and OeMTB genes did not reveal any polymorphism in the 2 populations studied.
DISCUSSION
Herein, we have reported the cloning of 2 MT genes from the European flat oyster Ostrea edulis. These are the first genomic sequences coding for metallothioneins described for this species. Our results are in accordance with those previously obtained for O. edulis by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis), which detected 2 principal isometallothioneins in all organs of the oyster (Alonso & Martin-Mateo 1996) . The 2 O. edulis MT genes are characterised by a structure of 3 coding exons and a first completely non-coding exon. The organisation of the 3 coding exons has been classically described for MTs, whereas additional non-coding exons have been observed in only a few organisms, such as the sea urchin Strongylocentrotus purpuratus (Nemer et al. 1991 ) and the Pacific oyster Crassostrea gigas .
The 2 OeMT sequences exhibited a moderate degree of similarity in terms of both nucleotide and amino acid sequences when compared with each other and with other MT mollusc sequences. However, it is interesting to note that the predicted amino acid sequence of Ostrea edulis MT (as in other mollusks and some other invertebrates such as the crab Cancer pagurus [Overnell et al. 1988] , does not contain any Cys-Cys pairs. Although most MT isoforms may differ in amino acid sequence (60 to 75 amino acids) according to species, they generally do not vary in cysteine content (about 18 to 21 cysteine residues) and metalbinding capacity (Winge et al. 1984) . With 71 and 74 amino acids, the OeMT genes are close to those found in others mollusc species. Only 1 exception has been observed, namely in Crassostrea gigas, in which the MT2 gene consists of 107 amino acid and 30 cysteine residues .
In mammalian MTs, the 20 cysteine residues are distributed in 2 independent domains: α, coded by the 11 first cysteine amino acids, and β, coded by the 9 final cysteine residues. Similar results were obtained for the sea urchin Strongylocentrotus purpuratus, which showed an inversion of the 2 domains (Riek et al. 1999) . In crustaceans, MT from the crab Scylla serrata was analysed by nuclear magnetic resonance and showed the existence of 2 β-domains consisting of 18 cysteine residues present in the coding sequence (Otvos et al. 1985) . In previous studies, we discussed the existence of an α and a β-domain in the MT1 gene of the oyster Crassostrea gigas and the possibility of the presence of a third β-domain in a particular MT gene, CgMT2 ). In the case of the OeMTA gene, the observed characteristics of the coding sequence are comparable to that of CgMT1, suggesting that the domain organisation and the metal-binding capacities are similar. However, 3 cysteine residues are missing from the OeMTB gene compared to OeMTA and others mollusc MT genes. As the involvement of cysteine residues in the metal binding has been widely demonstrated in different species, the absence of these 3 cysteine residues suggests a modification in the 2-domain organisation and in the metal-binding capacity of the resulting OeMTB protein. The determination of copper concentration in both OeMTs revealed that OeMTA was capable of binding about 20% more of the metal than OeMTB. It has been previously shown that mammalian MTs can bind 6 to 20 mol of Cu mol -1 protein, and many studies have shown that Cu-MTs contained 12 ions of Cu (Griffith et al. 1983 , Maroni 1990 . Our results show a value 2 to 6 times lower that expected. This could be partially explained by a displacement of metals from MTs during the purification of the recombinant protein leading to a decrease in the copper concentration, as shown in others works (Paris-Palacio et al. 2000 . In addition, it demonstrates the importance of cysteine residue number to the quantity of metallic ions that can be bound by the metallothioneins. Indeed, the OeMTA protein contains about 16% more cysteine residues than the OeMTB sequence, about the same as the difference in the metal-binding capacity of the 2 proteins. The existence of an aromatic amino acid (tyrosine), resulting from the mutation of a cysteine residue, in the sequence of OeMTB is also unusual in MTs, and could modify the 3-dimensional structure and other properties of the resulting protein.
Moreover, it has been demonstrated that the α and β domains of MTs are separated by 2 lysine residues (Otvos et al. 1982) . These residues were found in OeMTB, but not in OeMTA, suggesting that other amino acids could be involved in the separation of the 2 domains. The length of the 3' and 5' untranslated sequences of the OeMT variants is superior to the range of reported lengths of the MT 5' and 3' ends from other species. The mammalian, fish and oyster MT 5' end varies from 10 to 73 bp (83 and 93 bp in OeMTA) and the 3' end from 110 to 140 bp (88 and 160 bp in OeMTB). The differences in the 5' and 3' UTR sequences of the 2 Ostrea edulis MT genes could account for differential regulation of the MT transcripts, as previously proposed (Jackson 1993) . As found in the 3'UTR of the cDNA encoding the MT20 transcript in the mussel Mytilus edulis (Barsyte et al. 1999) , an ATTTTTA motif occurs in the 3'UTR of OeMTB. This motif has been linked to the rapid degradation of some mRNAs in mammals (Nakamaki et al. 1995) . Previous work has demonstrated the presence of the 2 MT isoforms in all organs and in the presence of different metals, such as copper and zinc (Alonso & Martin-Mateo 1996) . All these results suggest that no tissue-specific expression exists for these 2 MTs in O. edulis, contrary to other invertebrates including the nematode Caenorhabditis elegans, in which 2 inducible transcription of 2 MT genes occurs exclusively in the intestinal cells of larvae and adults (Freedman et al. 1993) , or in the sea urchin Strongylocentrotus purpuratus, where 2 MT genes (MTA and MTB) have shown temporal and tissue-specific expression in the embryo (Nemer et al. 1985 , Wilkinson & Nemer 1987 . The expression study we conducted on both MTA and MTB confirmed these results and showed only a difference in terms of RNA content between the 2 genes, OeMTA being more expressed than OeMTB.
Quantification of MTs by ELISA revealed a tissuespecific response: greater MT concentrations were measured in the digestive gland than in the gills for all experiments, as described earlier by Barsyte et al. (1999) Viarengo et al. (1997) Langston et al. (1998) . These observations were consistent with the involvement of these 2 tissues in storage and uptake of metals, respectively. We observed that MT concentrations measured in experimentally exposed individuals were not significantly different from the concentrations measured in control animals, despite a significant metal accumulation in the gills. Similar experiments on the Pacific oyster Crassostrea gigas revealed a differential behaviour in terms of MT expression during the metal exposure. Exposure to copper, cadmium, or to a mixture of these 2 metals resulted in increased MT levels in the gills and digestive gland of metal-exposed C. gigas. The observation that copper accumulation in individuals exposed to a mixture of copper and cadmium was reduced compared to individuals exposed to copper only, suggests that bioaccumulation for these 2 metals depends on competitive processes. It has also been shown that exposure of the eastern oyster C. virginica to moderate cadmium concentrations resulted in induction and increased binding of metals to MT in preference to other ligands (Roesijadi 1992) .
The metal detoxification processes in Ostrea edulis are probably partly based on other mechanisms, such as low molecular weight ligands. The involvement of these ligands was described in a previous study on O. edulis collected from Restronguet Creek, UK (Frazier & George 1983) . Thus, MTs seem to play only a minor role in metal sequestration in O. edulis. Limited or negligible involvement of MTs in metal-binding has been also reported for other bivalves such as Anodonta cygnea and Unio elongatulus or Macoma balthica (Langston & Zhou 1987) , confirming that metal exposure does not always result in detectable induction, and this suggests that the involvement of MTs in regulation and detoxification is not always consistent. Previous works have also shown that in acute cadmium exposure experiments, Crassostrea virginica presented different cytosolic distribution of cadmium, with a large percentage of the cytosolic cadmium occurring in the very low molecular weight material, < 5 kDa fraction, rather than being associated with the MT complex (Ruddel & Rains 1975 , Simkiss & Taylor 1989 , Engel 1999 . The absence of MT induction in O. edulis could also reflect an inhibition of protein metabolism by high metal concentration, as reported by other authors (Steiner & Pickwell 1988 , Fernandes & Henriques 1991 .
In previous works, we showed some polymorphism in the coding sequence of MT genes in the Pacific oyster Crassostrea gigas that could be associated with metal tolerance . In an attempt to identify a potential tolerance to heavy metals, we studied the coding sequence of the 2 MT genes in 2 field populations exposed to various concentrations of heavy metals. Our results showed the absence of genetic divesity in the coding sequence of OeMTA and OeMTB genes. Although only 90 individuals were genotyped in this study, the results suggest either the complete absence or a very low level of coding polymorphism in this species for these genes. Southern blot revealed the existence of an RFLP polymorphism, suggesting the possible use of other kinds of genetic markers. The differences between the 2 oysters could be due to a strong difference in the genetic diversity of the 2 species. Ostrea edulis is currently characterised by low genetic diversity (Le Pennec et al. 1985) . Moreover, this species was partly destroyed by a parasitic protozoan Bonamia ostrea along the European coasts in the 1980s, resulting in a further strong reduction in its populations and genetic diversity (Renault et al. 1995) . With an age at maturity of 3 yr and a protandrous alternating hermaphrodite type of reproduction, this species also has a limited larvae distribution that contributes to reducing genetic fluxes between populations (Wilson & Simons 1985) .
The present study has provided a new insight into the MT structure and properties of marine molluscs compared to classical MTs described for other invertebrate and vertebrate species. However, MT does not seem to be an appropriate indicator for studing the genetic structure of Ostrea edulis populations, especially after exposure to environmental heavy-metal contamination, because no coding polymorphism is detectable in these genes. The determination of the exact role of these 2 MTs and their regulation processes in O. edulis could be the objective of next studies.
